wileyonlinelibrary.com/journal/jcmm
has been revealed to play significant role in diverse pathways, such as activating growth and differentiation or the transcription of target genes. 5 Contrary to the activating growth function, overexpression of Egr1 inhibited the cell proliferation and promoted apoptosis, and knocking out Egr1 promoted cell proliferation. 6 All of these indicate that the effects of Egr1 are complicated and may depend on the type of disease.
Numerous studies have shown that the expression of Egr1 is dramatically triggered by hyperglycaemia in diabetes mellitus. Aljada et al found that high-glucose intake can increase the expression of Egr1 and tissue factor (TF), which regulates the processes that are potentially relevant to atherosclerotic plaque rupture and thrombosis. 7 High expression of Egr1 resulting from insulin and glucose in vascular cells may be one of the initial key events that plays a critical role in the development of the vascular complications of diabetes. 8 Furthermore, the mRNA level of EGR1 was significantly increased in STZ-induced diabetic mice after 6 weeks of induction. 9 Most importantly, Karthikkeyan first reported that hyperglycaemia enhanced the Egr1 expression in human retinal endothelial cells, mediating vascular dysfunction by regulating the expression of TF and ICAM-1. 10 However, the biological function and regulatory mechanism of Egr1, particularly in DR, remains far from fully understood.
A well-known tumour suppressor gene, p53, is paramount in the regulation of cell differentiation and cell cycle and the mediation of cell apoptosis. 11 It was reported by Lim et al that p53 exhibited significant up-regulation in the conjunctiva of diabetic patients compared to that of non-diabetic patients. 11 Kim et al reported that hyperglycaemia decreased Glucagon-like peptide-1 receptor (GLP-1R) expression in retinal pigment epithelial (RPE) cells and decreased the generation of intracellular reactive oxygen species, which increased ER stress-mediated p53 expression, and subsequently caused apoptosis by increasing Bax promoter activity. 12 In accordance with the general overview of recent studies, p53 and multiple other tumour suppressors, such as transforming growth factor β1-(TGFβ1), phosphatase and tensin homolog and fibronectin, can be directly regulated by Egr1. 4 Interestingly, p53 was found to promote the expression of Egr1 and lead to apoptosis of A549 cells, suggesting a complex regulation of Egr1 and p53 in vitro. 13 Therefore, it is of great significance to explore the correlation between the p53 pathway and Egr1, particularly in DR.
In this study, we investigated the expression and regulatory mechanism of Egr1 in diabetic retinopathy in vitro and in vivo, and found that Egr1 was augmented after the induction of hyperglycaemia and that Egr1 regulated retinal endothelial cell apoptosis, migration and vascularization by promoting p53 transcription.
| MATERIAL S AND ME THODS

| Streptozotocin-induced diabetic rats
Animals were housed in a specific pathogen-free facility and maintained according to the guidelines of the Care 
| Illumina microarray analysis of mRNA expression
Microarray analysis was performed using Illumina Ref8 microarrays.
For the STZ experiment, n = 8 control and n = 6 STZ-treated animals were analysed. Samples were labelled according to the Illumina TotalPrep RNA Amplification kit (Illumina, San Diego, CA) standard procedures. R language was used to analyse the differentially expressed genes, and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was applied to investigate the dysregulated pathways. P < 0.05 and |log 2 (FC)| > 1 were used as the threshold to screen up-regulated and down-regulated mRNA.
| RNA isolation and quantitative reverse transcription-PCR
Total RNAs in cells and retinas were extracted using TRIzol reagent.
NanoDrop ND1000 was used for qualitative and quantitative analysis for total RNAs. A quantity of 1 µg total RNA was transcribed into cDNA using the PrimeScript RT Master Mix. Then, the SYBR Premix Ex Taq II kit was used for quantitative PCR. All the transcriptional and PCR kits 5′-GCTCGACGCTAGGATCTGAC-3′; glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) forward primer: 5′-TGCACCACCAACTG CTTAGC-3′, and reverse primer: 5′-GGCATGGACTGTGGTCATGAG-3′.
| Western blots
Radio-immunoprecipitation assay buffer (Beyotime, Shanghai, China) was applied to lyse the cells or tissues to obtain total protein.
Then, the protein was quantified with the BCA Protein Assay Kit (Beyotime) following the conditions suggested by the manufacturer.
A quantity of 40 μg of total protein was used for SDS-PAGE followed The membranes were subsequently washed three times with PBST, and the electrochemiluminescence plus system (Beyotime) was used to visualize the protein bands. The density of the immunoblot was analysed using the Lab Works 4.5 software (Ultra-Violet Products, Cambridge, UK).
| Construction of Egr1 and p53 overexpression plasmids
To construct a wild-type Egr1 expression vector, Egr1 gene cDNA was amplified by PCR using PBMC cDNA as template. The fol- 
| Dual Luciferase reporter assay
The p53-Luc reporter plasmids were purchased from Stratagene At 48 hours post-transfection, the luciferase activity was detected using a dual luciferase reporter assay system (Promega).
| Apoptosis assay
The extent of apoptosis was assessed by annexin V-FITC and propidium iodide (PI) double staining. Briefly, cells were harvested, washed twice with PBS and re-suspended at 1 × 10 6 cells/mL in 100 μL binding buffer. Cells were incubated with annexin V-FITC and PI for 15 minutes at RT in the dark and mixed with 400 μL binding buffer. Then, the cells were analysed using FACScan (BD Biosciences, San Jose, CA), and apoptotic rates were measured using FlowJo 6.0 software.
| Wound-healing assay
Cell lateral migration was analysed in vitro using a wound-healing assay.
In brief, HRVECs under high-glucose conditions were transfected with sh-NC, sh-Egr1, sh-Egr1+pVax1 or sh-Egr1+pVax1-p53. After 24 hours of transfection, those cells were cultured in 12-well plates to near confluence and starved in HG DMEM medium with 0.2% FBS for 12 hours.
A scratch was created in each well with a 200-µL tip. After rinsing, cell migration in the scratched area was monitored by phase-contrast microscopy at 24 hours after transfection. Considering the effects of glucose concentration on cellular function, HRVECs under basic-glucose conditions were also used as a control. The percentage of migrated cells within the original scratch was quantified using ImageJ.
| Cell migration assay
The migration assays were conducted using transwell chambers according to the manufacturer's protocol (BD Science, Bedford, MA). 
| Tube formation assay
The formation of capillary-like structures was detected in a 24-well plate using growth factor-reduced Matrigel (BD Biosciences).
After transfection with sh-NC, sh-Egr1, sh-Egr1+ pVax1 or sh-Egr1+ pVax1-P53, HRVECs (1 × 10 5 cells/well) were plated onto Matrigel (300 μL/well). After 24 hours of cell culture, these cells were observed using a bright-field microscope. The tube length was quantified using ImageJ software.
| Intravitreal injection
At the beginning of diabetes induction, diabetes rats were anaesthetized by IP of ketamine (80 mg/kg) and xylazine (4 mg/kg). Approximately 1.5 μL (1 × 10 12 vg/mL) of AAV containing sh-Egr1 and sh-NC was delivered into the vitreous body using a 33-gauge needle. To maximize virus delivery, rats received an intravitreal injection every 10 days. The rats were sacrificed, and the retinas were harvested at two months after injection.
| Terminal dUTP nick-end labelling assay for detection of apoptotic nuclei
For the retinal cell apoptosis analysis, the terminal dUTP nick-end labelling (TUNEL) assay was carried out with the tetramethylrhodamine (TMR) red cell death detection kit (Roche, Mannheim, Germany)
according 
| Statistical analysis
All quantitative values were presented as the mean ± SD. The differences among the groups were analysed by one-way ANOVA using GraphPad Prism v6.0 (GraphPad Software, Inc., San Diego, CA).
P < 0.05 was considered statistically significant.
| RE SULTS
| Egr1 was highly expressed in the retinas of rats with DR
In an effort to screen differentially expressed genes in the retinas of STZ-induced diabetic rats and those of normal rats, we used a t test (P < 0.05) combined with FC >2 to screen up-regulated and downregulated mRNAs respectively. As shown in Figure 1A , Egr1 was significantly up-regulated in STZ-induced diabetic rats' retinal tissues. To further confirm the expression of Egr1 in diabetes, STZ was used for the induction of diabetes in the rats. After STZ-induction, the mRNA levels of Egr1 were significantly increased in the retinas of STZ-induced diabetic rats compared to those of the normal rats ( Figure 1B ). As hyperglycaemia in diabetics contributes to DR, we wondered whether exposing HRVECs to high glucose (25 mmol/L) would alter Egr1 expression. The results showed that Egr1 was evidently up-regulated in HRVECs under high-glucose conditions compared to basic-glucose conditions at the mRNA ( Figure 1C ) and protein levels ( Figure 1D ,E).
| Egr1 regulated endothelial cell function under high-glucose conditions in vitro
We next investigated the role of Egr1 in retinal endothelial cells under high-glucose conditions. Following HRVEC transfection with
Egr1 shRNA or sh-NC for 48 hours, the expression of Egr1 in the sh-Egr1 group was dramatically lower than that of sh-NC group (Figure 2A ). In addition, the apoptosis of HRVECs determined by annexin V/PI dual-staining assays showed that sh-Egr1 transfection significantly decreased HRVECs apoptosis ( Figure 2B ). Wound-healing and transwell assays revealed that down-regulation of Egr1 by sh-Egr1 significantly inhibited the horizontal and vertical migration ability of HRVECs under high-glucose conditions ( Figure 2C,D) .
Additionally, transfection with sh-Egr1 evidently inhibited tube formation in high-glucose conditions, as reflected by decreased tube length, while the tube length of the scrambled group was barely affected ( Figure 2E ).
| Egr1 regulated diabetes mellitus-induced retinal vascular dysfunction in vivo
We further investigated the role of Egr1 in retinal vascular dysfunction in vivo. Adeno-associated viral shRNAs targeting Egr1 were intravitreally injected into STZ-induced diabetic rats. Quantitative reverse transcription-PCR revealed that sh-Egr1 treatment significantly blocked mRNA expression of retinal Egr1 ( Figure 3A ) and p53 mRNA ( Figure 3B ), and correlated with the down-regulation of their protein levels ( Figure 3C ). Furthermore, the number of diabetes-induced TUNEL (+) cells was dramatically reduced in sh-Egr1-treated rats compared with diabetic rats that received sh-NC ( Figure 3D ), while most of those apoptotic cells were mainly localized in the inner nuclear layer (INL) and outer nuclear layer (ONL).
| p53 signalling pathway was activated in DR
KEGG pathway enrichment analysis indicated the remarkable enrichments of differentially expressed genes in 14 items and demonstrated that p53 signalling pathway was activated in STZ-induced DR ( Figure 4A ). Moreover, Gseaplot revealed that the running enrichment score of the p53 signalling pathway in STZ-induced DR tissues was greater than 0, indicating that p53 signalling pathway was activated ( Figure 4B ). As protein-protein interactions are important for organizing all protein coding genes in a genome, we applied String and Smartdraw to explore the pathway interactions between the genes. Our data showed that there was a direct association between Egr1 and p53 ( Figure 4C ). To further clarify the effects of high glucose on p53 expression in HRVECs, incubation of HRVECs with high glucose (25 mmol/L) for 2 weeks exhibited upregulation of p53 mRNA levels ( Figure 4D ). The p53 protein expression levels examined by Western blotting revealed that p53 protein was significantly up-regulated in HRVECs under high-glucose conditions compared with basic-glucose conditions ( Figure 4E ).
| Egr1 promoted transcription and expression of p53
To directly investigate whether Egr1 regulates p53 expression, a dualluciferase reporter assay was carried out. We found that Egr1 was capable of increasing the luciferase activity driven by pVax1-Egr1 markedly ( Figure 5A ), while sh-Egr1 obviously decreased the luciferase activity in 293T cells ( Figure 5B ). HRVECs under high-glucose conditions transfected with sh-Egr1 were found to down-regulate p53
and its target gene Fas at the mRNA level ( Figure 5C ,E). Moreover,
Western blot results indicated that the protein levels of p53 and Fas were significantly down-regulated under high-glucose conditions in the HRVEC group that was transfected with sh-Egr1 compared with the group transfected with sh-NC and the control group ( Figure 5D and 5F). Those results indicated that Egr1 was a transcriptional regulatory factor of p53 and that it promoted p53 expression.
| Egr1 regulated retinal endothelial cell function via the induction of the expression of p53 in HRVECs
To confirm the role of Egr1 on mediating the activation of p53 in high-glucose conditions, we transfected HRVECs with sh-Egr1, which reduced Egr1 protein expression ( Figure 6A ). The ability of sh- Quantitative reverse transcription-PCR was conducted to detect Egr1 mRNA expression (**P < 0.01). B, Flow cytometric analysis of apoptotic HRVECs cells following transfection for 48 h was conducted and the total rate of apoptosis was calculated. (**P < 0.01). C, Wound-healing assay and quantification analysis were conducted to detect the lateral migration of HRVECs (*P < 0.05 vs Basic group; # P < 0.05 vs HG group).
Scale bar: 100 μm. D, Transwell and quantification analysis were conducted to detect the vertical migration of HRVEC (*P < 0.05 vs Basic group; # P < 0.05 vs HG group). Scale bar: 50 μm. E, HRVECs were seeded on the Matrigel matrix. The formation of tube-like structures was observed 24 h after cell seeding. Average length of tube formation for each field was statistically analysed (*P < 0.05 vs Basic group; # P < 0.05 vs HG group). Scale bar: 100 μm.
conditions ( Figure 6E ). These results suggested that repressing Egr1 expression relieved the effects of high glucose on retinal endothelial cell function via the inhibition of p53 transcription.
| D ISCUSS I ON
In the present study, we investigated the role of Egr1 in DR. Upregulation of Egr1 was observed in the retinas of diabetic rats.
We demonstrated that Egr1 could regulate vascular endothelial cell function in vitro and diabetes mellitus-induced retinal vascular dysfunction in vivo through enhancing the transcription and expression of p53.
Up-regulation of Egr1 in diabetes-related diseases has been noted in numerous studies. Early growth response protein 1 has been shown to participate in diabetic nephropathy through enhancing ECM production and MC proliferation and by interacting with TGF-β1. 14 Moreover, prolonged expression of Egr1 contributes to F I G U R E 3 Early growth response 1 (Egr1) regulates diabetes mellitus-induced retinal vascular dysfunction in vivo. (A,B) streptozotocin (STZ)-induced diabetic SD rats received intravitreous injections of sh-NC or sh-Egr1 every day for 10 d. Two months after injection, quantitative reverse transcription-PCRs were conducted to determine Egr1 and p53 mRNA expression ( * P < 0.05, ** P < 0.01). C, The protein levels of Egr1 and p53 in sh-NC and sh-Egr1 STZ diabetic rats. D, Cryopreserved eye sections were made from the 2-month-old treated and untreated diabetic rats (STZ). Cell apoptosis was detected by terminal dUTP nick-end labelling (TUNEL) staining. Quantification of the TUNEL (+) cells were shown as the mean ± SD. Scale bar: 100 μm. ** P < 0.01 vs sh-NC group.
prothrombotic and pro-inflammatory responses in diabetic atherosclerosis. 15 Additionally, hyperglycaemia-induced Egr1 expression in the retinal endothelium is involved in diabetes-mediated retina vascular aberration via the up-regulation of downstream genes. 10 By performing microarray analysis in STZ-induced retina specimens, we observed that Egr1 was up-regulated. Consistent with the results of microarray analysis, the mRNA and protein levels were increased in of vascular cells mediated by hyperglycaemia in early DR will cause vascular abnormalities. 16 Thounaojam et al reported that STZ-rats treated with MR-409, a growth hormone-releasing hormone (GHRH) agonist that could prevent retinal morphological alteration, were able to sustain the survival of retinal ganglion cells. On the other hand, GHRH antagonist treatment has been shown to result in a significant alteration of the outer retinal layer and worsened retinal morphology. 17 Therefore, preserving cell survival may prevent NPDR progression. In this study, we report that cell apoptosis was decreased after the knockdown of Egr1, which suggests that the down-regulation of Egr1 may be an effective method to sustain HRVECs viability. Moreover, diabetic patients are afflicted by a chain of vascular disorders. Early growth response protein 1 has been viewed as a key coordinator to mediate vascular dysfunction. 18 Our results reveal that the down-regulation of Egr1 under high-glucose condition decreases migration and tube formation in vitro. These results show the first experimental evidence linking Egr1 expression status to apoptosis, migration and the formation of microvessels.
It was reported that p53 was overexpressed in diabetic patients and progressive DR, resulting in deep insights into the pathogenesis of DR. 11 Moreover, p53 protein levels in the retinas of STZ-induced diabetic rats were remarkably higher than those in normal rats. 2 In addition, Kria et al reported that p53 protein in the conjunctiva of PDR was evidently up-regulated, while it was weak in the normal human conjunctiva. 19 In the present study, we observed that the p53 signalling pathway is activated in DR specimens. Additionally, we F I G U R E 6 Early growth response 1 (Egr1) regulates endothelial cell function through promoting transcription of p53 in vitro. A, Western blot of p53 proteins in human retinal vascular endothelial cells (HRVECs) under high-glucose (HG) conditions with sh-NC, sh-Egr1, sh-Egr1+ pVax1 or sh-Egr1+ pVax1-P53. B, The apoptosis of HRVECs under HG condition was monitored by annexin V/PI flow cytometry under different transfection conditions ( * P < 0.05 vs sh-NC group; # P < 0.05 vs sh-Egr1 group). C, A wound-healing assay was used to measure lateral migration of HRVECs under HG conditions under different transfection conditions (**P < 0.01 vs sh-NC group; # P < 0.05 vs sh-Egr1 group). Scale bar: 100 μm. D, A transwell assay was performed to measure the vertical migration of HRVECs under HG conditions under different transfection conditions (**P < 0.01 vs sh-NC group; ## P < 0.01 vs sh-Egr1 group). Scale bar: 50 μm. E, HRVECs were seeded on a Matrigel matrix. The formation of tube-like structures was observed 24 h after cell seeding. Average length of tube formation in each field was statistically analysed (*P < 0.05 vs sh-NC group; # P < 0.05 vs sh-Egr1 group). Scale bar: 100 μm.
show that p53 mRNA and protein levels are also up-regulated under high-glucose conditions. Therefore, it is reasonable to postulate that p53 may be involved in the progression of DR.
In diabetes, many ocular structures, including the retina, the cornea, the lens and the optic nerve, are affected. The microvasculature of the retina has been found to be abnormal in diabetic patients, which suggests that inhibiting the formation of microvessels seems to be an appropriate treatment strategy for DR. 16 Moreover, p53
was found to be overexpressed in DR and to promote angiogenesis. 19 Ghahremani et al showed that p53 promotes the expression of VEGF and angiogenesis under hypoxic conditions. 20 In addition,
Sundaram et al reported that p53 could promote the formation of tumour angiogenesis by promoting the expression of miR-194. 21 Early growth response protein 1 was found to be a major regulator of the p53 tumour suppressor pathway in order to prevent cell senescence and control replicative senescence. 5 What is more, Das et al held that Egr1 may regulate the transcription and expression of p53.
22
It was also reported that Egr1 could ameliorate cervical cancers by strengthening radiation therapy as well as p53 signalling pathway. 
| CON CLUS IONS
In this study, we investigated the expression and regulatory mechanism of Egr1 in DR and found that Egr1 was augmented after the induction of hyperglycaemia. Egr1 regulated retinal endothelial cell apoptosis, migration and vascularization by promoting p53 transcription.
We concluded that Egr1 was overexpressed in the retina of DR.
Down-regulation of Egr1 partially reduced the injurious effects of hyperglycaemia on retinal vascular function via inhibiting p53 expression.
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